Guizhou Province, China, experienced several severe drought events over the period from 1960 to 2013, causing great economic loss and intractable conflicts over water. In this study, the spatial and temporal characteristics of droughts are analyzed with the standard precipitation index (SPI), comprehensive meteorological drought index (CI), and reconnaissance drought index (RDI). Meanwhile, historical drought records are used to test the performance of each index at identifying droughts. All three indices show decreasing annual and autumn trends, with the latter particularly prominent. 29, 30, and 32 drought events were identified during 1960-2013 by the SPI, CI, and RDI, respectively. Continuous drought is more frequent in winter-spring and summer-autumn. ere is a significant increasing trend in drought event frequency, peak, and strength since the start of the 21st century. Drought duration indicated by CI shows longer durations in the higher-elevation region of central and western Guizhou.
Introduction
Drought, a water shortage phenomenon caused by natural precipitation anomalies, is one of the most serious natural disasters, causing economic losses globally. e American Meteorological Society classified droughts into four types: meteorological drought, agricultural drought, hydrological drought, and socioeconomic drought [1] . Meteorological drought refers to water shortages caused by an imbalance in precipitation and evaporation. Drought disasters are a product of the coupling of the natural environmental and socioeconomic systems under specific time and space conditions [2] . Among different types of natural disasters, drought disasters are among those with the highest frequencies, widest ranges of influence, longest durations, and greatest losses; drought disasters lead not only to food production reduction, water shortages, and deterioration of ecosystems and the environment, but also to death and the change of dynasties, given that they are an important factor in restricting sustainable social development [3] . e factors influencing drought disasters are complex since there are great uncertainties relating to the occurrence and development of drought disasters in both time and space.
Drought is one of the most frequent and widespread natural disasters in China, where the total average area of land periodically influenced by droughts is 2.1 × 10 7 hm 2 (annual average value from 1950 to 2013), of which 9.4 × 10 6 hm 2 (annual average value from 1950 to 2013) suffers drought disasters in any particular year. Meteorological droughts, as described above, can develop into agricultural droughts [4, 5] . In China, droughts cause an annual average of 2.5 × 10 6 hm 2 of no-harvest area (annual average value from 1989 to 2013) and 1.62 × 10 10 kg of grain loss (annual average value from 1950 to 2013); droughts also cause 2.7 × 10 7 people (annual average value from 1991 to 2013) and 2.0 × 10 7 livestock (annual average value from 1989 to 2013) to have difficulty finding sufficient drinking water; together, these factors contribute to an annual average direct economic loss of 1.0 × 10 11 Chinese Yuan (annual average value from 1950 to 2013, http://www. mwr.gov.cn/sj/tjgb/zgshzhgb/201612/t20161222_776092.html) [6] . e abovementioned information indicates that China as a major agricultural country suffered severe meteorological droughts which caused great economic losses [7] . Drought is the hot spot of research for a long time. Zhai et al. [8] found that a significant dryness trend changes from the southwest to the northeast of China. In the early twenty-first century, the most severe droughts were located in the Southwest of China covering areas around 0.7 million km 2 . Yu et al. [9] found that the severe and extreme droughts become more serious since late 1990s for the entire China via examining drought characteristics such as long-term trend and intensity duration. Meanwhile, the drought-prone regions in Northeast China, Southwest China, south China coastal region, and Northwest China were investigated by He et al. [7] and Ayantobo et al. [10] . Xu et al. [11] indicated that the three drought indices (SPI, RDI, and SPEI) have almost the same performances in the humid regions. However, SPI and RDI were more appropriate than SPEI in the arid regions. e Loess Plateau, Sichuan Basin, and Yunnan-Guizhou Plateau have significant dry trends, which is mainly caused by the significant decrease of precipitation. Liu et al. [12] found that the return periods of meteorological drought are longer, with an average of 42.1 years in China. Liu et al. [13] investigated the return period of concurrent drought events is 11 years in the water source area and the destination regions of water diversion project. e probability of concurrent drought events may significantly increase during 2020 to 2050. Shen et al. [14] revealed that the drought probability and intensity are rising and the affected areas of all degrees of drought have an increasing trend during the last 50 years based on the SPEI in Song-Liao River Basin.
e Southwest is one of the regions of China most frequently affected by drought disasters, with droughts of different degrees of severity occurring in this region almost every year, including a severe drought covering a large area every 5-10 years [15] . From 2009 to 2012, the five provinces of Southwest China (Yunnan Province, Sichuan Province, Chongqing City, Guizhou Province, and Guangxi Province) suffered a severe drought [16, 17] . is severe drought, which affected ∼8.0 × 10 6 hm 2 of arable land, led not only to a large reduction in crop production but also caused drinking water shortages for 25 million people and 18 million livestock; meanwhile, the drought caused total direct economic losses of more than 40 billion Chinese Yuan [16, 17] . is drought was the worst in Southwest China since meteorological observations began [18] .
e increasing frequency of severe droughts in the Southwest demonstrates that droughts are spreading from northern to southwestern China [19] .
Sun et al. [20] assessed the contributions of decadal potential evapotranspiration (PET) anomalies to drought duration and intensity which could exceed those of precipitation in Southwest China. Li et al. [21] identified 87 drought events including 9 extreme events using the daily composite drought index (CI) at 101 stations in Southwest China. e droughts are more frequent from November to next April, and the frequency and intensity of drought increased with a significant decrease in precipitation and increase in temperature. Gao et al. [22] found that the significant soil drying trend happened in autumn, which can be sustained to the next spring. Han et al. [23] showed that the eastern part of southwestern China had an extremely high drought risk, which was greater in the north than south. [24] [25] [26] .
Droughts are typically measured and quantified using drought indices; a variety of indices for different applications have been developed [27, 28] . Based on World Meteorological Organization (WMO) statistics, there are 55 commonly used categories of drought indices. Among these, the comprehensive meteorological drought index (CI), standardized precipitation index (SPI), standardized precipitation evapotranspiration index (SPEI), and reconnaissance drought index (RDI) are widely used in various regions [21, [29] [30] [31] [32] [33] [34] [35] [36] . At present, case studies of droughts in Guizhou Province are rare, with most such studies based on a single drought index [37, 38] . Furthermore, no study has validated these drought indices using historical disaster records, despite validation of the reliability of these indices being of great importance. is study aims at building a link between drought indices and real drought events in Guizhou Province, China.
Study Region and Data Resources

Study Region.
Guizhou Province (103°36′-109°35′E; 24°37′-29°13′N), with an area of 176167 km 2 , is located in the eastern Yunnan-Guizhou Plateau of China (Figure 1 ). e elevation of Guizhou Province ranges from 229 to 2794 m, higher in the west than that in the east of province [39] . e topography is dominated by plateau and mountains: carbonate rocks in the karst area are widespread and account for 62% of the total area of Guizhou Province. Guizhou has a humid subtropical monsoon climate with an annual mean temperature of 15°C and mean annual precipitation of 1400 mm. Over 70% of the annual rainfall occurs from May to September [39] [40] [41] . In general, the ecology and environment of Guizhou Province is extremely fragile, which causes frequent land-surface droughts, as illustrated by an old saying describing drought in Guizhou Province: "a drought every year, a mild drought every three years, a moderate drought every ve years, a severe drought every decade."
Data Resources.
e meteorological data for daily precipitation and pan evaporation (from January 1, 1959, to February 28, 2014 ) data set are used in this paper from the China Meteorological Data Sharing Service Network (http:// data.cma.cn/) V3.0 version. Rigorous quality control had been conducted by China Meteorological Data Sharing Service Network before the data were released. e software used to detect and adjust shifts in the time series of daily precipitation and pan evaporation is RHtestsV3 and RHtests-dlyPrcp (http:// etccdi.paci cclimate.org/software.shtml), respectively. Finally, 19 out of 32 national basic meteorological stations (no gaps exceeding two consecutive weeks) are selected for this study. It should be noted that some evaporation data (since 2002) were recorded with E601B equipment. e E-601B-type evaporator was installed for meteorological stations in China from 1985. e E-601B-type evaporation evaporator is recommended by the World Meteorological Organization (WMO). is instrument has the advantages of corrosionresistant and stable thermal e ect, which made the measurements more close to nature [42] . In order to ensure the continuity, uniformity, and reliability of records, a linear regression is therefore applied to calibrate evaporation data collected by E601B (2002-2014) to 20 cm evaporating dish data (1998) (1999) (2000) (2001) , according to previous studies [43, 44] . e elevation data (DEM) are from the Shuttle Radar Topography Mission (SRTM) with a resolution of 90 m, derived from the Geospatial Data Cloud of China (http://www.gscloud.cn/). e historical disaster records are derived from China Meteorological Disaster Yearbook (Guizhou volume) [45] [46] [47] [48] [49] [50] [51] .
e information such as drought duration, severity, and peaks was extracted from the yearbooks according to the disaster statistics which were originally recorded by the local meteorological department. Seasons are classi ed based on meteorological divisions: spring (March-May), summer (June-August), autumn (September-November), and winter (December-February), respectively. e distribution of meteorological stations, together with related information, is shown in Figure 1 and Table 1 .
Methods
Drought Indices (SPI, CI, and RDI)
Standard Precipitation Index (SPI).
e SPI was developed by McKee et al. [29] . Within a certain geographic Advances in Meteorologyarea, the precipitation usually fluctuates regularly. If the precipitation is less than the average annual precipitation, a drought may therefore occur in this area. On the contrary, precipitation exceeding the annual average may induce flooding. e SPI has many advantages such as being dimensionless and standardized, working on multiple scales, and being easy to calculate. To calculate the SPI, a frequency distribution function is first constructed from a series of long-term precipitation observations. A gamma probability density function is then fitted to the series, and the cumulative probability of an observed precipitation is computed. e inverse normal (Gaussian) function, with a mean of 0 and a variance of 1, is then applied to transform the cumulative distribution to the standard normal distribution. Because the SPI is based on the cumulative probability of a given timescale, here the total amount of precipitation in the current month and previous i months (i � 1, 2, 3, . . .) is used to calculate the SPI on a timescale of i + 1 month. Here, SPI 12 (1-12 monthly cumulative precipitation) represents annual timescales, and SPI 3 (3 monthly cumulative precipitation) represents seasonal timescales. Drought classification is shown in Table 2 .
Comprehensive Meteorological Drought Index (CI).
e comprehensive meteorological drought index (CI) is effective for meteorological drought monitoring and assessment [52] . Both 30 day (month scale) and 90 day (seasonal scale) standardized precipitation indices, combined with a 30 day relative humidity index, can be used to calculate a comprehensive meteorological drought index. Since the CI can indicate precipitation climate anomalies on both short (months) and long timescales (seasons) [52] , this index is therefore suitable for meteorological drought monitoring and historical drought assessment. e first step of the calculation is as follows:
where MI is the relative moisture index in the recent 30 days, P ij refers to the total amount of precipitation in the recent 30 days (unit: mm), and PET ij is the total potential evapotranspiration in the recent 30 days (mm; here we use evaporation of a 20 cm evaporating dish). e CI is then calculated as follows:
where SPI 30 [52] . e drought classification scheme is displayed in Table 2 .
Reconnaissance Drought Index (RDI).
e drought detection index was proposed by Tsakiris et al. [31, 32] and takes into account the effects of precipitation and evapotranspiration on drought. e RDI has three modes of expression: the initial value RDI (α 0 ) is presented in an aggregated form using a monthly time step and calculated Extreme drought −2.0 < value ≤ −1.5
Severe drought −1.5 < value ≤ −1.0
Moderate drought −1.0 < value ≤ 0
Mild drought 4 
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for each month of a hydrological year or a complete year. e second expression is normalized RDI (RDI n ), and the third expression is standardized RDI (RDI st ).
e initial value α 0 can be calculated with the following formula:
where P ij and PET ij are precipitation and potential evapotranspiration (we use evaporation of the 20 cm evaporating dish) in jth month of ith hydrological year, respectively. N is the total number of years. Equation (3) can calculate the RDI for any period of the year. e normalized RDI, RDI n , is calculated using the following equation for each year, in which it is evident that the parameter a 0 is the arithmetic mean of a 0 values calculated for the N years of data:
e standard RDI (RDI st ) is similar to the standard precipitation index (SPI) and is calculated as follows:
where y
, y k is the arithmetic mean of y k , and σ yk is the standard deviation of y
k . e drought classication scheme is shown in Table 2 .
Drought Variables.
According to McKee et al. [29] and Spinoni et al. [53] , a drought event is de ned as being when SPI, CI, and RDI values are lower than −1 (included in this month) to positive value (excluding this month), with at least two consecutive such months used to de ne drought events from 1960 to 2013 in this study. Drought durationseverity-area-intensity/frequency is widely used in drought research [8, 10, 11, 54] .
e derived drought variables [54, 55] based on the Run eory follow the de nitions ( Figure 2 ). Drought duration is de ned as the number of months from the rst month in which the indicator goes lower than −1 to the last month with a negative value before the indicator returns to positive values. Drought intensity is de ned as the number of months in which the drought indicator remains lower than −1. Drought severity is de ned as the sum of the monthly absolute values of the index when the index is ≤−1 over the period 1960-2013. Drought peak refers to the month in the "drought event" with the lowest value of the indicator [36] .
Mann-Kendall Test.
e Mann-Kendall (M-K) nonparametric statistical test method, proposed by Mann [56] and Kendall [57] and recommended by the World Meteorological Organization (WMO).
e M-K test does not require samples to follow a certain distribution nor is affected by a few abnormal values. It is widely used in the data of nonnormal distribution of hydrology and meteorology due to its simplicity. Here, the M-K test is applied to analyze the temporal characteristics of SPI, CI, and RDI. For a time series, X x 1 , x 2 , . . . , x n , where n > 10. e test statistic Z mk is calculated as follows:
where Var(S) is the variance of the statistic S; x k and x i are the sequential data values; m is the number of tied groups; t i denotes the number of data points in the ith group; n is the length of the data set; and sgn (x k − x i ) is the sign function, determined as
For the statistic Z mk value, Z mk > 0 indicates that the time series has a rising (increasing) trend, while time series with Z mk < 0 has a falling (decreasing) trend. Absolute values of Z mk ≥ 1.65, 1.96, and 2.58 are adopted, respectively, indicating signi cance levels of α 0.1, 0.05, and 0.01.
When the M-K test is further used to test the sequence mutation, the test statistic is di erent from the above Z mk , by constructing a rank sequence: Advances in Meteorology 5
where UF k is a standard normal distribution and a signicant level α is given. If there is a signi cant trend change, the time series x is arranged in reverse order and then is calculated according to the formula:
where UF k is a positive sequence and UB k is a reverse sequence. If UF k exceeds 0, the sequence shows a rising trend, and a value of <0 indicates a falling trend. e rising or falling trend is signi cant when these parameters exceed the critical line. If the UF k and UB k curves intersect and the intersection is between the critical straight lines, the corresponding moment of intersection is de ned as the moment when the mutation begins. Figure 3 shows the box-plot line and normal distribution curve for CI, SPI, and RDI. All three indices conform to normal distribution, and the distribution of drought indices is also very similar in the box-plot for SPI and RDI. e normal distribution of the CI is concentrated, and the box-plot re ects drought ranks' relative light. Figure 4 shows annual and seasonal SPI trends and the M-K test in Guizhou Province. Annual and seasonal Z values were, respectively, −2.33, −1.99, −0.39, −2.30, and −0.72, and all showed a decreasing trend. Annual, spring, and autumn trends were signi cant at the 0.05 signi cance level. e magnitude of the decreasing trend for the annual and autumn trends is larger, at −0.020/10a and −0.023/10a, respectively. As illustrated in Figure 4 Z values for annual and seasonal droughts were, respectively, −2.26, −0.66, −0.24, −2.69, and −1.51; all showed a decreasing trend, with the trend for annual and autumn timescales signi cant at the 0.05 signi cance level ( Figure 5 ). e rate at which the trend decreases for annual and autumn timescales is larger, at −0.012/10a and −0.018/10a, respectively. As illustrated in Figure 5 Figure 6 shows annual and seasonal trends in the RDI alongside an M-K test for Guizhou Province. e annual, spring, summer, autumn, and winter Z values were, respectively, −1.25, −1.24, −0.12, −2.34, and −0.98, and all showed a decreasing trend for autumn at the 0.05 signi cance level. e rate at which the trend decreases on annual and autumn timescales is larger, at −0.013/10a and −0.022/10a, Table 3 , 29, 30, and 32 drought events were identi ed from the SPI, CI, and RDI indices, respectively. e performances of the three indices are close with small di erences on month scales. Identi cation of drought events in 1963, 1966, 1978-1979, 1985-1986, 1987-1988, 1988-1989, 1992, 2009-2010, 2011 , and 2013-2014 is consistent for all three indices. We note that there were more droughts in the 1960s, 1980s, and 2000s, with a particular rise since the beginning of the 21st century. e drought peak also increased signi cantly since the beginning of the 21st century. Droughts classi ed as severe occurred in 1963, 1985-1986, 1987-1988, 1992, 2009-2010, 2011, and 2013-2014 . In addition, as shown in Table 3 , drought events took place in all seasons, especially in winter-spring and summer-autumn.
Results
Temporal Variability.
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ere was a persistent drought in summer-autumn-winterspring 2009-2010, a persistent drought in spring-summer 2011, and a persistent drought in winter-spring-summer-autumn 2013-2014.
Interannual Variability
Spatial Distribution and Trends of Drought Duration.
e spatial distribution of drought durations and trends for the three indices is shown in Figure 7 . Drought duration is longer in the northwest and relatively short in the southwest of Guizhou Province. In terms of the trend, only one station (Luodian station) shows a decreasing trend (i.e., a tendency to be wet). All other stations showed an increasing trend. Among them, ve stations (Weining, Guiyang, Xifeng, Xishui, and Tongzi stations) showed a signi cant increasing trend; these are mainly located in the northwest of Guizhou Province. e CI shows that droughts lasted for more and less time in western and northeast Guizhou Province, respectively. In terms of changes in the trend, four stations (Weining, Bijie, Tongzi, and Xingren stations) showed signi cant increasing trends; three of these stations are located in the west. Meanwhile, four stations (Kaili, Duyun, Dushan, and Rongjiang stations) showed nonsigni cant decreasing trends in the southeast. e RDI suggests that drought duration is longer in northwest and northeast regions and shorter in southern Guizhou Province. Nine stations located in western Guizhou Province increased signi cantly. Furthermore, ten stations in central and eastern Guizhou Province had a decreasing trend. Among these was the one station in southeastern Guizhou (Rongjiang station) with a signi cant decreasing trend. Figure 8 shows the spatial distribution and trends of drought severity. e spatial distribution of drought severity is almost consistent with that of drought duration. However, more severity droughts are typically found in the northwest of Guizhou Province, where all stations show an increasing trend. Stations with signi cant increasing trends are mainly distributed in the northwest and northeast of Guizhou Province. e drought severity determined by the CI is also consistent with drought duration. Drought intensity is of higher magnitude in western Guizhou Province. Among the four stations with signi cant increasing trends (Weining, Bijie, Panxian, and Tongzi stations), three (Weining, Bijie, and Panxian stations) are located in the west of the province, while drought duration showed a decreasing trend in southeast Guizhou Province. e drought intensity is also consistent with drought duration based on the RDI. Severe droughts are more frequent in eastern Guizhou. However, stations with signi cant increasing trends are primarily located in western Guizhou, while stations with both increasing and decreasing trends are located in northeast Guizhou, with stations with decreasing trends located in central and eastern Guizhou.
Spatial Distribution and Trends of Drought Severity.
Validation of ree Drought Indices Based on Historical
Disaster Records. Drought frequency in di erent seasons from 1960 to 2013 in Guizhou Province is shown in Figure 9 , based on statistics of Chinese meteorological disasters [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] . More drought events are shown to have happened in spring and summer in Guizhou Province. Spring droughts are more frequent in the central and west of the Province, where Anshun City, Bijie City, and Qianxinan City are located. Summer droughts are more frequent in the central and east of Guizhou Province, home to Zunyi City, Tongren City, and Qiandongnan City. Moderate, severe, and extreme droughts are more frequent in spring in western Guizhou and summer in eastern Guizhou Province (Figure 10 ). Moderate and extreme droughts are more frequent in autumn and winter and mainly a ect eastern Guizhou Province. Figure 11 shows that droughts are more frequent in spring, summer, and autumn based on the SPI. However, droughts are less frequent in spring and summer than the historical records (Figure 9 ), while droughts in autumn are more frequent than the historical records. Winter droughts are highly consistent with historical records based on SPI.
e CI suggests that drought occurrence increased in winter and spring. But the historical records show fewer droughts in winter.
e CI is relatively close to historical records in spring, followed by autumn and summer. Autumn droughts occurred more frequently than the historical records. Fewer droughts in summer were found in the historical records.
Drought predictions from the RDI are close to the historical records in spring and summer. However, this index suggests more droughts in autumn and winter, particularly in winter.
e mild and moderate seasonal droughts identi ed by the SPI are more frequent than those found in historical records. However, the severe and extreme seasonal droughts are identi ed less frequently than the historical records, especially in spring and summer (Figures 10 and 12 ).
e CI identi es more frequent mild and moderate seasonal droughts than the historical records, while it identi es fewer severe and extreme droughts than the historical record (Figures 10 and 13 ).
e RDI identi es more mild droughts than historical records indicate. However, the moderate, severe, and extreme droughts identi ed by the RDI are close to the historical records (Figures 10 and 14) .
e drought frequency analysis (Figures 9 and 14) for SPI, CI, and RDI compared to the historical records shows that the mild and moderate droughts in winter are more than the historical records. e historical records describe the severity of the crop yield reduction. However, the drought indices do not take this into account. us, the drought statistics by indices are possible more frequently than the historical records. Overall, the severe and extreme droughts are less frequent than the historical records, especially CI. e RDI is closer to the historical records compared to the SPI and CI. Figure 15 shows variation of the three drought indices in the area historically a ected by droughts; among these data are the typical drought years shown in Table 4 . e three drought indices in the drought-a ected area were highest in 2011. However, the three drought indices in the a ected area, particularly CI, are inconsistent with historical records in 2010, 1992, 1990, and 1988. Together with Figures 9-14 , 
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it is therefore shown that the RDI is more objective and reliable at indicating drought than the CI and SPI (the SPI 12 value is shown here). erefore, the abovementioned analysis indicated that the relationship between the historical records and drought index still needs to be further quanti ed in the future.
Discussion and Conclusions
All three drought indices showed decreasing trends in annual and seasonal in the past 54 years.
e results are consistent with Zhai et al., Xu et al., Dai, and Milly and Dunne [8, 11, 60, 61] . However, She eld et al. [62] discovered that a little change in global drought for the period of 1948-2008 based on the Palmer drought severity index. Further, the presented results demonstrated a signi cant drought trend in autumn for the three drought indices, which are consistent with Li et al. [21] and Gao et al. [22] .
ese results also show that the drought in spring and summer are dominant from the historical records, which are increasing [43] [44] [45] [46] [47] [48] [49] [50] [51] . e autumn drought also shows a signi cant increasing trend in Guizhou Province, which may have a great impact on autumn crops. Gao et al. [22] found that autumn soil moisture anomaly is helpful to further [8, 9, 11, 21, 22] . In terms of drought duration, the spatial distribution of the SPI is close with the RDI during 1960-2013. However, the spatial distribution of the CI is inconsistent with those of the SPI and RDI. As Section 3.1.2 mentioned that the CI index is composed of SPI and MI; however, some scholars point out that SPI and MI have certain defects. For instance, the SPI only utilizes precipitation information, without considering other meteorological variables that may play an important role for drought. In addition, the weight coe cients are relatively arti cial and random, which may a ect the ability of the CI [63] [64] [65] . us, it is possible to be the main reason for the disagreement with the distribution of RDI and SPI. For drought severity, the spatial distributions of the three drought indices are also inconsistent. In the present study, the drought severity is based on annual statistics. However, the seasonal statistics show that SPI and CI account for a large proportion in spring, while RDI accounts for a large proportion in summer. erefore, SPI and CI show higher drought severity in the western province. e RDI shows higher drought severity in the eastern which is consistent with the historical records. Moreover, Xu et al. [11] also revealed that the spatial distribution of Advances in Meteorologydrought severity using RDI 3 (3 months reconnaissance drought index) is almost the same as that using SPI 3 (3 months standardized precipitation index). However, the distributions of SPEI 3 (3 months standardized precipitation evapotranspiration index) are quite di erent with SPI 3 and RDI 3 as well as the trends. Based on the above analysis and the historical records (Table 3) of disasters in the droughta ected area that consider seasonal drought frequency and magnitude, the RDI performs more objectively and reliably than SPI and CI. However, the SPI, CI, and RDI all indicate drought frequencies and durations less or more than those indicated by the historical records. is may be related to the defects of the SPI, CI, and RDI. Previous studies have revealed that meteorological droughts are the water shortages caused by an imbalance precipitation and evaporation [66] . e most of the drought indices are mainly based on the precipitation and evaporation calculation. erefore, they play a vital role in the capture of drought characteristics [11, 62] . Evaporation is always the focus of drought research. However, compared to precipitation, there are still many uncertainties in evaporation measurement. erefore, different evaporation models may not get the same results. Previous studies applied PDSI, SPI, RDI, and SPEI [11, [60] [61] [62] 67] , which mainly adopted the ornthwaite and Penman-Monteith or other regimes to calculate the reference evapotranspiration (ETo). erefore, di erent drought trends were obtained; for example, Dai [60] demonstrated that the observed global aridity changes are consistent with model predictions up to 2010, which suggest more severe and widespread droughts in the next 30-90 years caused by decreased precipitation or increased evaporation. Meanwhile, Milly and Dunne [61] also found that the historical and future tendencies are towards continental drying. However, She eld et al. [62] indicated that the previous reported increase in global drought is overestimated, and there was little change in drought over the period of 1948-2008. In addition, the results based on di erent drought indices are also inconsistent. For example, Zarch et al. [67] showed that the percentage of drought-prone areas estimated by the SPI is higher than that by the RDI for the period prior to 1998, while it is the converse for the period after 1998. Xu et al. [11] indicated that SPEI and RDI are sensitive to ETo. e RDI based on the ornthwaite equation overestimates the in uence of air temperature. us, it overestimates the grade of drought. Besides, Vicente-Serrano et al. [68] pointed out that SPI, PDSI, SPDI, and SPEI are sensitive to precipitation and ETo. e results may be quite di erent with respect to di erent indices.
All three drought indices indicate that mild droughts occurred more frequently than what is shown in the historical records, across di erent seasons and levels of drought. is may be related to di erent statistical analysis methods. In this paper, any interval when the indices are between −1 and 0 is classi ed as an occurrence of mild drought. However, it is necessary for a drought to cause agricultural and socioeconomic damage in order for it to be noted in historical records. We also point out that the drought-a ected area was highest in 2011, consistent with RDI and CI, but not with SPI. e density of meteorological stations may also play a role. In this study, only data from 19 stations are considered. However, the records of droughta ected areas are based on statistics covering over 88 counties in the entire province. us, a higher density of weather stations may overcome the index-historical data mismatch. Previous studies [69] [70] [71] [72] [73] have stated that the occurrence of droughts in the southwestern region of Guizhou Province is close to related atmospheric circulation anomalies and special topography [69] [70] [71] [72] [73] [74] [75] . In addition, the signi cant decrease in precipitation [11, 21] is an important factor for drought. Meanwhile, the change of potential evaporation is also a critical factor [20] . Chen et al. [41] pointed out that the number of continuous wet days (CWD) was decreasing signi cantly while the largest 5 days of rainfall (RX5 day), strong precipitation (R95), and strongest rainy day (R20mm) measures did not have signi cant decreasing trends in response to the decreasing trend of the three indices (when considering Guizhou Province). In terms of drought distribution, all three drought indices indicated more frequent spring droughts in western Guizhou, and more frequent summer droughts in eastern Guizhou. Shen et al. [75] pointed out that drought characteristics are mainly the result of uneven spatiotemporal distribution of water resources in Guizhou Province. e spring drought is the most severe in Bijie City and Liupanshui City in western Guizhou Province.
e rainy season in western Guizhou starts in June; when these rains are late, a spring drought is triggered. Zunyi, Tongren, and Qiannan Cities in eastern Guizhou Province are prone to summer droughts. is may be the result of the rainy season starting early (April) in the area. A precipitation decrease will likely cause a summer drought. Moreover, Milly and Dunne [61] and She eld et al. [62] stated that other factors such as runo , relative humidity, wind speed, and other physical mechanisms should also be taken into account. e relationship between global drought and climate change can be assessed more accurately by combining physical hydrological models and large quantities of measured and satellite remote-sensing data. Furthermore, the influence of human activities is also an important factor that cannot be ignored. e karst landform is also an important factor for the drought in Guizhou Province [72] . e karst topography is widely distributed in Guizhou Province, and the arable land is mainly located in the high mountains [73, 74] . However, the water source for irrigation is located at the bottom of the valley. Due to the widespread karst, the soil layer is infertile with a poor water storage capacity. Further, water permeability is strong, and water moves quickly through the rocks.
erefore, in such a region, once drought occurs, it will have an important impact on agricultural production and domestic water. e historical records indicate that spring and summer droughts have begun to occur more frequently in Guizhou Province. Based on analysis of the three indices considered in this paper, the annual and seasonal drought trends, especially for autumn droughts, are more significant.
ese results demonstrate that the government of Guizhou Province should focus on monitoring and damage prevention not only for the spring and summer droughts but also for the autumn drought.
In this study, three indices are used to describe the spatiotemporal characteristics of Guizhou Province during 1960-2013. e comparison analysis shows that the RDI is much closer to the historical records than CI and SPI. e RDI may be more reliable for drought monitoring in this region. However, this study is limited in some aspects. e historical records are more often qualitative descriptions. When we extracted the drought information, the disaster loss (such as crop loss), duration, and other information were comprehensively considered. However, the drought index is a quantitative indicator that is more sensitive to weather conditions. It does not identify the crop loss information. us, the drought index tends to identify more mild droughts. Definitely, it is a great challenge to match the qualitative description for the quantitative indicator. However, we believe that this study still can provide a useful reference for drought monitoring and assessment. is issue will be further improved in the future work. In addition, the atmosphere or other meteorological variables are not investigated. e mechanisms responsible for the drought in Guizhou Province need to be further explored. Improving and modifying the drought index is also the topic of ongoing work and future research.
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